Abstract-Weathering of minerals often produces intimate mixtures of reactants and products in a smaller volume than that explored by an electron microprobe. As a result, many microanalyses are difficult to decipher because they are composite analyses of mixtures. A procedure to resolve such microanalyses into their component parts was applied here to data obtained in a study of the weathering of muscovite and biotite in granite gneiss and associated soils. A key element oxide content (K20, in the examples demonstrated) was plotted against Si/A1 ratio for all data. This achieved a spread of points having an external shape depending on the compositions of the pure phases present in the various mixtures analyzed. In all probability, some of the microanalyses consisted of only a single phase, or almost so, and these points were located at or near extremities of the body of data. The aim of subsequent treatment was to encompass the data within boundary curves, each of which corresponded to mixtures of any two of the pure phases present. The chemical compositions of some phases, for example, kaolinite and muscovite, are known, and boundary curves for such mixtures were calculated directly. The compositions of unknown or suspected phases, however, were estimated from the graph of K20 content against Si/Al ratio, in conjunction with graphs of the other element oxide contents plotted against Si/A1 ratio. The unknown compositions were subsequently refined by successive approximations. Data in the vicinity of the boundary curves were adjusted for the presence of free iron oxides containing structural A1. Once a satisfactory set of intersecting boundary curves was developed to encompass the data, the compositions of the major phases in each system were obtained, and the diagram of boundary curves was used to estimate the relative proportions of these phases at each point analyzed by the microprobe.
INTRODUCTION
Studies of both artificial and natural weathering of micas have been reviewed by Norrish (1973) , von Reichenbach and Rich (1975) , and Fanning and Kerimidas (1977) . Most of the earlier work dealt with relatively large (-1 mm) specimens which, because of their size, could be isolated from accompanying material, examined optically and analyzed directly by various macroscopic methods (Walker, 1949; Wilson, 1970; Farmer et aL, 1971; and Rimsaite, 1975) . Later workers used more sophisticated instruments, such as the scanning electron microscope and microprobes of various types, and better techniques for the preparation of thin sections (Murphy, 1986) . As a result, they were able to examine and analyze much smaller particles and weathering products without disturbing the partides in their natural surroundings (Meunier and Velde, 1979; Suddhiprakarn, 1979a, 1979b; Curmi and Fayolle, 1981; Bisdom et al., 1982; Pye, 1985; Banfield and Eggleton, 1988) .
Although the electron microprobe is a major technical advance, its value in intricate weathering studies is limited by the volume of sample penetrated by the electron beam. This volume (5-20 #m 3) is usually small enough to obtain accurate analyses of an unweathered mineral or its final stable product, because both materials can often be found in sufficient bulk. On the other hand, intermediate phases in many samples cannot be identified, because they are so intimately intermixed with each other and/or the initial and final materials that the microprobe can only produce a composite analysis. Consequently, the great majority ofmicroanalyses made in systems in which weathering occurs at different rates within the particles are not of pure components and they then became difficult to interpret. Similarly, investigations into the nature of soil micromorphological features, such as clay migration through cracks and channels, are often frustrated by the intensive degree of mixing of clay components, which cannot be resolved even by more powerful microanalyzers in transmission electron microscopes. Accompanying X-ray powder diffraction (XRD) and infrared analysis of bulk samples usually give supporting evidence for the identity of phases, but they provide little information about chemical composition.
In the present paper, a large number of microprobe data are presented for muscovite and biotite in various conditions of weathering. The main aim of the paper is to describe an attempt to manipulate the data so that composite analyses can be interpreted in terms of proportions of individual components. In so doing, an approximation of the chemical composition of some intermediate phases was obtained. 
MATERIALS AND METHODS

Samples
At Mt. Crawford, about 80 km northeast of Adelaide South Australia, yellow podzolic soils (Stace et al., 1968) or Palexeralfs (Soil Survey Staff, 1975) have developed from parent granite gneiss locally intersected by thin pegmatite dikes (Fordham et aL, 1985; Fordham, 1989) .
Undisturbed samples of the soil profiles were removed in 16 x 9 • 5 cm tins from the sides of trenches cut through the soil and weathered rock. Thin sections were prepared after impregnating the samples with Escon polyester resin in methyl methacryate solvent, using cumene hydroperoxide as catalyst and cobalt naphthenate as accelerator (Cent and Brewer, 1971) .
Chemical analysis
Biotite was separated from samples of exposed and subsurface boulders of granite gneiss and subsequently digested in hydrofluoric and sulfuric acids. Total Fe in the digests was measured by atomic absorption spectrometry and Fe(II) by titration against potassium dichromate.
Microprobe analysis
Most analyses were made with a Cambridge Geoscan electron microprobe analyzer operating at 20 kV. Eight elements were read against appropriate standards, measuring K and Na first to minimize losses. About 80 analyses were made with a Link energy-dispersive X-ray (EDX) analyzer in conjunction with a Cambridge Stereoscan 250 scanning electron microscope (SEM), operating at 20 kV. Results from one instrument agreed closely with those from the other. Because
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water contents cannot be measured by either instrument, the total of all element oxides was normally less than 100%.
Features associated with the weathering of muscovite and biotite were selected for microprobe analysis by thin section examination. Each point chosen for analysis was seen optically to be part of a weathering stage of the mica and, as far as could be ascertained, was not contaminated with material introduced from elsewhere. For example, in biotite, points were analyzed at apparently undecayed parts of laminae, at erosion cavities, within exfoliated cleavage planes and splayed ends of laminae, within the body and along the periphery of basal sections, and, as weathering increased, within the body of smaller fragments. Further checks on the nature and origin of the material analyzed were made at higher magnifications in the optical microscope or the SEM.
More than 700 points were analyzed by the electron microprobe and about 80 points by the SEM-EDX system 9 Most of these analyses represent mixtures of the minerals with various products formed during weathering, rather than pure examples of well-defined compounds.
RESULTS AND DISCUSSION
The procedure used to treat microprobe data is illustrated with examples of weathering of muscovite and of biotite.
Weathering of muscovite
Microprobe analyses related to muscovite and its weathering products were obtained from all samples 9 K20 are plotted against Si/AI ratios (by weight) in Figure 1 . The average compositions of muscovite and the final weathering product kaolinite, both encountered in monominerallic form, are given in Table 1 , and points representing these average values are marked in Figure 1 . The full line joining the muscovite and kaolinite points was derived from points computed in a small program (called A) by mixing the chemical compositions of the two minerals in graded proportions by weight (5:95, 10:90, 15:85, etc.) .
Free iron oxides. Several of the experimental points fell on or near the boundary line in Figure 1 , indicating that they represented relatively simple mixtures of muscovite and kaolinite. Some points, however, were located to the left of the line, beyond the limits of experimental error. This deviation was due to the presence of free iron oxides, which, because they contained structural A1203, gave rise to a decrease in the Si/A1 ratio relative to that of the phyllosilicate minerals alone. Using another computer program (called B), the effect of AlzO3 within free iron oxides could be accounted for, as follows. This equation was applied to each experimental K20 content to determine the corresponding Fe203 content which the mixture would have if it were simply muscovite and kaolinite. 2. The difference between this calculated amount of Fe203 and the actual amount measured by microprobe was taken to be free iron oxides. 3. A value of 17 mole % A1203 in free iron oxides was determined by XRD line-shift both before and after NaOH treatment (R. W. Fitzpatrick, Division of Soils, CSIRO, Glen Osmond, South Australia 5064, Australia, personal communication) and used to calculate the amount of A1203 contributing to the microanalysis by free iron oxides. 4. The calculated amount of A1203 was subtracted from the measured amount of AI203 to give the A1203 content of the clay mineral mixture. 5. A revised Si/A1 ratio was calculated, using the new value for A1. This revised ratio then represented a simple mixture of muscovite and kaolinite, without free iron oxides. 6. The resultant set of analytical values were "normalized," but not by the usual procedure of multiplying by a factor to bring total oxides to 100%. Instead, it was more convenient to neglect water content, which varied according to the proportions of muscovite and kaolinite in the mixture and, in any event, was not measurable by microprobe. Thus, an appropriate total (less water) was derived for each revised Si/A1 ratio from the regression equation relating these two parameters in simple mixtures of muscovite and kaolinite, and each set were multiplied accordingly.
The data were processed as described, and a satisfactory fit of the data relative to the muscovite-kaolinite boundary curve was obtained (see below in Figure  3 ). If the mole % A1203 in Fe203 (stage 3) was not known, a best fit to the boundary curve could be found by trial and error, substituting arbitrary but reasonable values of mole % A1203 in the range of 5 to 300 in increments of 5%.
Obviously, the closer the data were to the muscovitekaolinite boundary curve, the better was the correction made to remove free iron oxides, because the regression equations used in the calculations only apply accurately to simple mixtures of muscovite, kaolinite, and free iron oxides.
Presence of an illitic mineral component. The spread of data to the right of the boundary curve in Figure 1 clearly indicates the presence of another component in many of the mixtures analyzed by microprobe. This component appears to be a dioctahedral illitic mineral, based on XRD evidence from clay fractions separated from the same sources as the thin sections. The illitic mineral will be described in detail elsewhere.
To obtain the chemical composition of the illitic mineral, curves were drawn to encompass all the data, as shown in Figure 1 by the dotted lines. The appropriate shape of these curves could be approximated after a little experience. The point of intersection of the dotted lines gave a first estimate of the K20 content (2.5%) and the Si/AI ratio (1.89) of the illitic mineral.
The same microanalyses were used to plot Fe203 contents against Si/A1 ratios (Figure 2 ). In Figure 2 , those analyses showing > 10% Fe203 (81 analyses of 372) were omitted to give a better presentation of the lower portion of the graph. A curve was drawn along the lower perimeter of the points. Many of the points near the curve were derived from soil samples subject to reducing conditions and containing little or no free iron oxides. Thus, the curve represented fairly closely the required relationship between Si/A1 ratio and structural iron in clay mineral mixtures, without significant interference from free iron oxides. An estimate of the Fe203 content of the illitic mineral was made by choosing the value (7%) corresponding to the previously determined Si/A1 ratio of 1.89.
The same process was then used to obtain estimates of the other element oxide contents of the illitic mineral, plotting each element oxide in turn against the Si/ ' 9 * ~ 9149 , 9 9 2 5 9 9 9 9 .::. . At ratio and reading off the value corresponding to the estimated Si/A1 ratio of 1.89. In the present set of data, the CaO content was negligible in all the mixtures analyzed and was ignored. At this stage, estimates of K20, TiO2, Fe20~, MgO, and Na20 contents and the Si/A1 ratio were obtained. According to chemical analyses compiled by Deer et al. (1962) , dioctahedral illite commonly has an oxide total of 92% if water is excluded. This value minus the other oxide contents gave the sum of SiOz and AI203 contents. The actual values of SiO2 and A1203 contents could then be calculated, because both the ratio and the sum were known.
Refinement of chemical composition.
The microanalyses shown in Figure 1 and used to provide an estimate of the chemical composition of the illitic mineral were raw data still containing free iron oxides. The contribution of free iron oxides affected the position of each point on the graph. The next stage of the procedure was to use the estimated chemical composition to remove the influence of free iron oxides from mixtures containing the illitic mineral and, in so doing, to obtain a more refined estimate of the composition itself. This process was similar to the commonly used method of successive approximations.
Regression analysis was applied to derive equations relating K20 tO Fe203 and total oxides to Si/A1 ratio for graded mixtures of the illitic mineral and muscovite, using program A with the first estimate of the chemical composition of the illitic mineral. The new equations were substituted in program B, and all of the raw microanalytical data were processed to remove free iron oxides from the illitic mineral-muscovite mixtures. The adjusted data were plotted as above in graphs of element oxide contents vs. Si/A1 ratio, and the fit of the relocated points was assessed relative to new boundary curves calculated for each element oxide in simple illitic mineral-muscovite mixtures. Usually, some modification of the composition of the illitic mineral was made to improve the fit. Because any modification of composition affected the location of the data points and also of the boundary curves, the whole calculation had to be repeated to make a fresh assessment of the fit.
The same process was followed with the illitic mineral and kaolinite mixtures, and the fit of the reprocessed data was again judged relative to calculated boundary curves for each element oxide vs. Si/A1 ratio in the illitic mineral-kaolinite mixtures. Again, if necessary, the composition of the illitic mineral was modified to obtain a better fit. Any modification at this stage was rechecked in the previously considered illitic mineral-muscovite system using equations appropriate to that system. Each graph of an element oxide vs. Si/Al ratio had three boundary curves, each curve corresponding to mixtures of muscovite + kaolinite, muscovite + the illitic mineral, and the illitic mineral + kaolinite. The three curves intersected at the particular values of element oxide content and Si/A1 ratio which existed in muscovite, kaolinite, and the illitic mineral 9 If processed with the proper equations to remove free iron oxides, all the microanalytical data fit within the confines of the three boundary curves.
Collation of data.
The composition of the illitic mineral derived in the way described above is given in Table 1 . This composition was used (along with those of muscovite and kaolinite) to process the microanalytical data for removal of free iron oxides. The extent to which the processed data conformed to these compositions, and fitted within the area enclosed by the three calculated boundary curves, is illustrated in Figure 3 for K20 contents against Si/A1 ratios. Figure 3 is a concise, composite graph constructed from three separate graphs, in each of which the raw data were processed by equations appropriate to each of the three boundary curves. If lines were drawn from each apex to the center of the diagram in Figure 3 to form three segments, the data included in each segment were processed by equations based on the boundary curve forming part of that segment 9
Mineralogical composition of mixtures. The diagram in Figure 3 was used to interpret microanalyses of mixtures in terms of the components present. The approach was similar to that applied to normalized triangular diagrams representing the composition of rocks, texture of soils, etc., except that the original skewed triangle in Figure 3 was used instead of an equilateral triangle. Grid lines having a constant proportion of one component were drawn to correspond to the skewed shape. The three apices of the diagram in Figure 3 represented 100% content of muscovite, kaolinite, or the illitic mineral 9 Program A, which prepared the boundary curves by mixing the chemical compositions of two minerals in graded proportions, was used to calculate the grid lines. For example, to construct the grid line for mixtures containing 50% muscovite, the two chemical compositions introduced into program A were those of a 1:1 mixture of muscovite and kaolinite and a 1:1 mixture of muscovite and the illitic mineral. From the grid lines, the proportion of the three components contributing to each microanalysis were estimated.
As pointed out above, the correction calculated for any microanalysis to remove the contribution of free iron oxides became less accurate as the distance from the boundary curve increased, chiefly because the equations used in the calculations were applicable without error only to points directly on the boundary curves. No attempt was made to correct these errors in Figure  3 because they did not affect the essential features which the figure was meant to illustrate. If more precision was required, however, any particular point was relocated closer to its true position by choosing the grid line nearest to it and calculating the relationships between KzO and Fe203 and between total oxides and Si/A1 ratio for that grid line. With these equations in program B, the microanalysis was reprocessed to remove free iron oxides, the point again plotted, and a better estimate of the proportion of components was obtained.
The proportion by which free iron oxides contrib- uteri to any microanalysis was also calculated. Program A was expanded to determine the chemical composition of mixtures of muscovite, kaolinite, the illitic mineral, and free iron oxides (with 17 mole % A1203) in nominated proportions 9 Proportions of the first three components assessed from the diagram in Figure 3 were introduced into the program. By trial and error, the proportion of Fe203 required to match the calculated chemical composition with that actually measured was determined. The mineralogical composition of any microanalysis was then known in terms of all four components.
Example 2. Weathering of biotite
Fresh biotite. Raw data for the weathering of biotite in all samples except exposed rocks are given in Figure  4 . The situation with biotite was more complex than with muscovite and could not be approached in quite the same way, because fresh biotite was not found in either the granite gneiss or the pegmatite profiles. Consequently, there was no starting point for biotite from which to construct the boundary curves, although kaolinite was identified by XRD and microprobe analysis as one of the weathering products of biotite, and so provided one established point. Fresh biotite occurred in exposed boulders of granite gneiss very close to one of the sample site trenches, but its composition (Table  1) was not compatible with that of biotite from other locations. As seen in Figure 4 , the point corresponding to fresh biotite is some distance from the other data. For comparison, the average composition determined on the least weathered parts of biotite particles from the subsurface boulders is given in Table 1 . The obvious difference between the two compositions is the Oxidized biotite. Due to the absence of a suitable starting point, the initial approach to the treatment of the biotite system was the same as the second stage described in the muscovite system, in which a boundary curve was constructed for a component of unknown composition. As above, a curve was drawn by hand from the kaolinite starting point along the left-hand perimeter of the raw data in Figure 4 . The upper end point of the curve corresponded to what was called "oxidized biotite." The position of the upper end point was estimated after taking into account the chemical composition of least weathered parts of biotite flakes (Table 1 ) and the fact that the position had to be compatible (see below) with data on the right-hand side of the data set in Figure 4 .
By plotting the other element oxides against Si/A1 ratio in a similar manner, a first estimate of the chemical composition of oxidized biotite was obtained. With this estimate, a boundary curve was prepared by program A, and the raw data were processed by program B to remove the influence of free-iron oxides. A value of 17 mole % A1203 in Fe203 was again used. The fit of the data to the boundary curve was improved by successive approximations, but always the effect of a third component had to be considered (see below).
As a result of these procedures, the processed data were found to be compatible with an oxidized biotite having the refined composition listed in Table 1 . This oxidized biotite was discussed further by Fordham (1990) . The fit of the data to a boundary curve for mixtures of oxidized biotite and kaolinite is shown in Figures 5 and 6 . Figure 6 is included to show that the Fe203 content of oxidized biotite, although relatively high, provided a good fit to all mixtures with kaolinite, even those having low Si/AI ratios.
Vermiculite-like mineral. Data on the right-hand side of the data set in Figure 4 were accommodated with the inclusion of only one more component. A preliminary estimate of the chemical composition of this third component, called a vermiculite-like mineral, was made from graphs such as that in Figure 5 . The raw data were processed accordingly for mixtures of oxidized biotite and the vermiculite-like mineral, and their positions were assessed against the corresponding boundary curve 9 The same was done for mixtures of the vermiculite-like mineral and kaolinite.
Refinements to the chemical composition of the vermiculite-like mineral were made in the usual manner, but, of course, such modifications also affected the processing of data for oxidized biotite and vermiculitelike mineral mixtures. Consequently, the positions of all three boundary curves relative to the stable point of kaolinite, as well as the processing of data according to each boundary curve, had to be adjusted progressively as the chemical compositions of oxidized biotite and the vermiculite-like mineral were modified.
A suitable fit to data processed appropriately to remove free iron oxides was obtained with the chemical composition given for the vermiculite-like mineral in Table 1 . The vermiculite-like mineral will be described in detail elsewhere.
Collation of data.
All the available data corrected to remove free iron oxides by the appropriate equations are plotted in Figure 7 . This figure, like Figure 3 , was assembled from three graphs, each one with data calculated in accordance with the adjacent boundary curve. There is no evidence from Figure 7 for the presence of any components in the biotite system other than oxidized biotite, the vermiculite-like mineral, kaolinite, and free iron oxides containing structural A1203.
Evaluation of the procedure. If a component contributed significantly to enough microanalyses, then its presence would generally be evident by processing and plotting the data. For example, any pure component having a K~O content and a Si/A1 ratio that located it at a point outside the boundary curves drawn in Figure  3 would produce mixtures giving experimental data deviating towards that point, and the boundary diagram would become four-sided. On the other-hand, a component having a compositional point inside the boundary diagram would not be recognized, unless the two components on either side of it on the perimeter of the boundary diagram did not occur as mixtures with each other. In the latter case, the boundary diagram would show an indentation. Because the microprobe can only measure total iron content, the procedure was not applicable to microanalyses consisting of significant amounts of Fe 2 § mixed with Fe 3 § or vice versa, unless the distribution was measured by some other means. The procedure also assumed that all the iron released by weathering of micas occurred as iron oxides and that all the clay mineral products of weathering were composed only of those elements selected for microanalysis. Any components other than these in significant amounts, however, would be detected by accompanying XRD analysis (or be evident from SEM-EDX microanalysis). The procedure was not subject to the same complexities as those involved in the preparation of triangular diagrams of the ACF or AFK types (Winkler, 1965) for whole rocks containing numerous components because the microprobe, guided by optical and electron microscope observation, was sufficiently discriminating that only a relatively few components within the mica weathering sequence needed to be considered. Some of the difficulties of choosing appropriate parameters for triangular diagrams were also overcome by making direct use of skewed diagrams, such as that in Figure 3 , to estimate mineralogical composition, rather than trying to adapt the data to a conventional triangular form.
A point on a boundary curve between two components was taken, in the first instance, to represent a simple physical mixture of the two components; however, the "mixture" could have been an interstratified mineral. If the interstratified mineral consisted only of two types of layers (for example, biotite and vermiculite), each layer could be treated as a "component," and the position of a point on the boundary curve would then indicate the degree of interstratification of one type of layer with the other. If the microprobe data did not include the full range ofinterstratified products (for example, if weathering through to the stage of pure vermiculite was not encountered), the end point of the boundary curve would only be an advanced stage of interstratification. If further decomposition occurred concurrently (for example, if vermiculite layers changed to smectite layers), the end point would represent interstratification with three types of layers. In the latter case, some deviation in the nature of the boundary curve might occur, unless the same chemical processes continued to operate at each stage of the weathering sequence.
CONCLUSIONS
Using a reiterative procedure, complex microanalytical data from muscovite and biotite weathering systems were converted into simpler forms, which gave some insight into the chemical compositions of the components present. The procedure has limitations, but the approach should prove useful in other studies, particularly if complemented with information about components by other techniques, such as X-ray powder microdiffraction and high-resolution transmission electron microscopy.
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